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Abstract 
Structural components operating at high temperature are often susceptible to the incubation and growth of cracks by 
creep. It is conventional to characterise this behaviour by subjecting laboratory specimens to a selection of constant 
loads and measuring the time taken for a pre-existing crack to extend a finite amount. In practice, structural 
components are subjected to external loading such that material at stress concentrations experiences boundary 
conditions that are a mixture of load and displacement control. Often these boundary conditions are associated with 
elastic follow-up. This paper describes a set of experiments undertaken to quantify the influence of elastic follow-up 
on creep crack incubation in a high carbon, high chromium, martensitic (P92) steel at 650°C. The experiments were 
performed using parallel bar test rigs designed in a previous research programme (Shirahatti et al [1, 2]). The test 
rigs used modified compact tension C(T) specimens fitted adjacent to two parallel bars that introduced elastic 
follow-up as the C(T) specimen deformed. 
  To complement the elastic follow-up experiments, a set of standard uniaxial round bar creep tests and constant 
load-controlled creep crack incubation tests were conducted. The uniaxial tests enabled observation of the elastic 
and creep response of the steel. These data were used as input to both analytical and finite element models of the 
elastic follow-up experiments.  
  The crack incubation times obtained from the elastic follow-up experiments were found to be significantly longer 
than those for equivalent conventional constant load conditions. This was assumed to be a result of the load on the 
specimen relaxing during elastic follow-up. Finite element models of the experiments confirmed the effect of the 
load relaxation.  
© 2014 The Authors. Published by Elsevier Ltd. 
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Nomenclature 
a Crack length  
A  Temperature dependent material constant 
B          Compact tension (CT) specimen thickness 
ܤ௡ Net specimen thickness between side grooves 
K          Stress intensity factor 
m          Power law creep time exponent   
n          Power law creep stress exponent 
୐         Normalised limit load function (for plane stress) 
P          Load 
t           Creep time  
ݐ௜         Crack initiation time 
W        Compact tension (CT) specimen width 
Z          Elastic follow-up factor 
ߝ௖         Creep strain 
ߝሶ௦         Minimum creep strain rate (secondary creep) 
ߪ          Stress 
ߪ௥௘௙       Reference stress 
1. Introduction 
Nonlinearities give rise to different types of stresses within a structure. These include geometry and material 
property variations, structural discontinuities, and the effects of the boundary conditions. The imposed boundary 
conditions play an important role in the life assessment of materials, particularly under creep. There are two classes 
of mechanical boundary condition, load and displacement, and each has a different effect. A combination of 
boundary conditions (i.e. a mix of load and displacement control) can introduce residual stresses inside a structure. 
The term Elastic Follow-Up (EFU) describes a situation that occurs when the internal stress redistributes throughout 
a structure by some form of nonlinear behavior, such as plasticity and/or creep. The degree of EFU, Z, varies 
between 1 and infinity (λ), fully displacement and pure load controlled conditions, respectively (Figure 1a). If the 
displacement is fully constrained, the stress within a creeping section relaxes and there is no EFU (Z=1). If the load 
is maintained and the displacement of the creeping section is not restricted, there is maximum EFU (Z=λ ). 
Conditions in-between that are a mix of load and displacement control, cause both stress relaxation and some EFU, 
the amount of each depends on the stress redistribution and resulting strain accumulation in the rest of the structure. 
The applicability of EFU in industry is of interest to engineers and it has been theoretically studied, but there has 
been a lack of adequate experiments. The theoretical approaches mostly employ a simplified system with a 
combination of springs in series and parallel to analyze a more complex practical situation (Figure 1b). The concept 
of elastic follow-up was proposed by Robinson [3] in order to analyze the effect of creep on the relaxation of bolted 
joints. There have been several other studies on elastic follow-up and how it affects the creep process [4-7]. 
Kobayashi et al [8] compared different theories with measured data from experiments to investigate elastic follow-up 
under uniaxial conditions. It was argued that among creep laws, Norton’s law produces better agreement with 
experiments. Kobayashi [9] et al considered elastic follow-up under cyclic loading and observed a contribution of 
plasticity and creep to the EFU strain accumulated. Kobatake et al studied elastic follow-up as both local and global 
using a combined system of bars in parallel and series [10]. That study appears to be the first attempt to analyze 
elastic follow-up around a notch with a stress concentration. Aird et al [11] developed the traditional definition for 
elastic follow-up by considering the nonlinear term, such as creep and plasticity or their combination. Aird [12] 
studied the influence of long-range residual stress on the cleavage fracture of ferritic steel. In this respect, a test rig 
capable of generating long-range residual stress in a laboratory on a compact tension (CT) specimen was designed to 
investigate the effects associated with combined residual and applied loading. This was the first attempt at using 
such a rig in ambient temperature in a laboratory environment. Shirahatti et al [2] used a new method of introducing 
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long-range residual stresses at elevated temperature by developing Aird’s rig test [12]. The method employed 
enabled the specification of different elastic follow-up factors.  This paper describes a set of experiments undertaken 
to quantify the influence of elastic follow-up on creep crack incubation in a high carbon, high chromium, martensitic 
(P92) steel at 650°C. The experiments were performed using the parallel bar test rigs designed in a previous research 
programme, detailed in Shirahatti et al [1, 2]. 
 
 
Fig. 1. (a) The effect of boundary conditions on elastic follow-up; (b) Simplification of a complex practical situation into a spring model. 
2. Experimental Procedures and Results 
2.1. Material 
The material for this study is ASME steel grade P92 extracted from base material at the end section away from a 
circumferential weld in a pipe. Table 1 shows the chemical composition. The pipe was normalized at a temperature 
of 1070°C for a soaking time of 45 minutes and then tempered at 780°C for 105 minutes. A post-weld heat treatment 
was performed at a temperature of 760°C for 180 minutes. Thus, it should be noted that the test data presented here 
apply to P92 material in a post-weld heat-treated condition, and this should be taken into consideration if 
comparisons are to be made with as-received P92 material.  
Table 1. Chemical composition of P92 [13] 
Ni C Mn P S Si Cr W Mo V Nb N B Al Fe 
0.27 0.10 0.45 0.015 0.002 0.45 8.62 1.86 0.33 0.21 0.076 0.047 0.003 0.019 Bal. 
2.2. Uniaxial Tests 
The uniaxial tensile creep properties of materials are one of the key parameters for studying creep crack 
initiation. Therefore, a set of load control tests were performed at 650°C on standard round bar specimens cut 
parallel to the axis of the pipe. The test stress levels were selected as close as possible to the operating conditions 
considered for P92, ranging from 40MPa to 120MPa in steps of 20MPa. Due to the relatively high rupture times 
anticipated for the majority of the tests, they were all stopped after reaching the secondary creep regime–allowing 
for the minimum creep strain rate to be determined–except for the test at 120MPa, which was left to rupture. There 
are a few common models to describe material behavior at high temperature. In this study, a power law is chosen to 
represent primary and secondary creep strains as below (it is not necessary to model tertiary creep since this regime 
was not evident in the creep crack growth tests):  
 
p p sn m np s
c c c p sA t A tH H H V V                                                                                                                      (1)          
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where ɐ is the applied stress, ܣ௣ and ܣ௦ are temperature dependent material constants for primary and secondary 
creep, respectively, ݊௣ and ݊௦ are stress exponents for primary and secondary creep and ݉௣ (0<݉௣<1) is the time 
exponent for primary creep. The minimum creep strain rate, ߝሶ௦ (for a constant load and temperature), occurs in the 
secondary creep regime: 
 
sn
s sAH V                                                                                                                                                             (2) 
 
For simplicity, a unified primary and secondary creep power law equation was used in this work (equation 3). 
The best fit creep material constants for the P92 steel at 650°C determined from the uniaxial test data are 
ܣ=2.0086e-14 (ି௡ିଵ), ݊=4.3 and ݉=0.43. Figure 2a shows the stress-strain curve during the loading and 
creep phases. The loading curves are largely linear-elastic and there is no indication of plastic yielding. Figure 2b 
indicates the creep curves for the range of stress levels.  
 
n mA tH V                                                                                                                                                             (3) 
2.3. Creep Crack Growth Tests 
Creep crack growth tests were conducted with the notch direction tangential to the curvature of the pipe. 
Compact tension (CT) specimens were manufactured based on ASTM E 1457 [14] and tested at 650°C using screw 
loading [1]. Electric discharge machined (EDM) pre-cracks of 2mm and almost 20% side grooves were introduced 
(Figure 3a). A potential drop (PD) system was used to determine the amount of crack growth with time and the load 
line displacement (LLD) was also recorded. Load control tests were performed for two different reference stresses, 
ߪ௥௘௙  (see equation 4 and [15]), 80MPa and 120MPa. Table 2 indicates the details for the conducted tests under both 
load and combined load-displacement boundary conditions (i.e. with EFU). Figure 3b compares the times to initiate 
a creep crack of 0.2mm with results in corresponding literature. 
 
1
ref
n
p
WB n
V                                                                                                                                                           (4) 
 
P is the applied load, ୐ is a normalized limit load function under plane stress conditions given by: 
        21 1 1Ln a W a WJ J J                       where                2
3
J   
 
w is the specimen width, ୬ is net specimen thickness (i.e. between the side grooves) and a is crack length. 
 
Tests with elastic follow–up used two different Z factors, Z=1.63 and Z=5.1. Full details of the three bar rig setup 
used (Figure 4) can be found in references [1-2]. Z was varied by changing the middle and side bars. For the high 
EFU rig (Z=5.1) the diameters of the middle and side bars were 10mm. While for the low EFU rig (Z=1.6) the 
diameters of the middle and side bars were 25.75mm and 19.25mm, respectively. Residual stress is introduced by an 
initial length misfit and no external load was applied. The tests were run for 720 hours. Strain gauges were fixed at 
the bottom of each bar in order to calculate force (using Hooke's law of elasticity), and hence stress. 
Table 2. Details of the creep crack growth tests 
Test number Ref stress (MPa) 
W 
(mm) 
B 
(mm) 
୬ 
(mm) a/W 
P 
(KN) 
K 
(MPaξ) 
Time to initiate 0.2mm crack growth, ୧ 
(hrs) 
LC-1 120 38 19 15.4 0.5 6.2 16.57 70 
High EFU (Z=5.1) 120 38 19 15.4 0.5 4.2 16.57 120 
Low EFU (Z=1.6) 120 38 19 15.4 0.5 6.2 16.57 400 
LC-2 80 38 19 15.4 0.5 6.2 11.11 340 
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a)    b) 
Fig. 2. P92 creep tests at 650°C: a) Stress-strain curves  b) Creep strain-time curves (log-log scale) 
 
 
 
 
 
 
a)                                                                                       b) 
Fig. 3. a) Schematic of CT specimen  b) Crack initiation time versus reference stress 
3. Comparison with Finite Element Analysis 
Stress relaxation curves for the middle and side bars were determined from the experiments and compared with 
the results obtained using the finite element method (FEM) via ABAQUS [18] (see Figure 5). The initial stress on 
the CT specimens for both high and low EFU cases was almost the same (~120MPa). After 720 hours of creep at 
650°C, greater stress relaxation was observed with low EFU compared to high EFU, with the stresses on the CT 
specimens decreasing to roughly 60MPa and 80MPa respectively. There is also evidence of a faster decrease in 
stress at the beginning of the test with low EFU, which is more like a displacement controlled test. A comparison of 
the crack initiation times for load control and combined boundary conditions (Figure 3b and Table 2) reveals that 
there is not much difference in crack initiation time between load control and the test with high EFU. Whereas, the 
low EFU condition had a significant effect on crack initiation time since this is closer to a displacement controlled 
test. The following link can be made between EFU, stress relaxation and crack initiation time: the higher the factor 
of EFU, the less relaxation in stress and therefore, there is lower time to crack initiation.  
4. Conclusion 
A set of standard uniaxial tensile creep tests was conducted to determine the primary and secondary creep 
properties of P92 at 650°C. Creep crack growth tests were performed using compact tension specimens under pure 
load control using two different levels of stress. Tests were then conducted using a rig that introduced two different 
factors of elastic follow-up, one more towards displacement control and the other towards load control conditions. A 
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comparison made of times to initiate a small creep crack shows that the crack initiation time does not change 
significantly for high elastic follow-up, whilst there is a considerable increase for the case of low elastic follow-up.   
 
 
Fig. 4. Schematic of three bar structure [2] 
 
 
 
 
 
 
a)  b)   
Fig. 5. A comparison of stress relaxation in the middle and side bars with FEM results for  a) High EFU, b) Low EFU. 
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